Analysis of variations in the concentrations or structures of biomolecules (e.g., mRNAs, proteins, peptides, natural products) that occur either naturally or in response to environmental or genetic perturbations can provide important insight into complex biological processes. Many biological samples are mixtures that require a separation step before quantitation of variations in the individual components. Twodimensional denaturing gel electrophoresis has been used very effectively to separate complex mixtures of proteins, but it is time consuming and requires considerable amounts of sample. Microchannel-based separations have proven very effective in rapidly separating small amounts of nucleic acids; more recently, isoelectric focusing of proteins also has been adapted to the microchannel format. Here, we describe microchannel-based SDS capillary gel electrophoresis of proteins and demonstrate the speed and high resolution it provides. This development is an important step toward the miniaturization and integration of multidimensional and array separation methods for complex protein mixtures.
Methods for the direct measurement of changes in the concentrations and posttranslational states of proteins in complex biological systems are useful in analyzing protein function and identifying proteins of potential diagnostic or therapeutic value (1, 2) . For a typical biological sample, the large number of different proteins present (up to thousands) and the small concentrations at which they can exist make such experiments difficult. Two-dimensional SDS͞PAGE has proven to be a powerful tool for the profiling of protein expression (3) . By combining isoelectric focusing for charge-based separation in one dimension and SDS͞PAGE for size-based separation in a second dimension, hundreds to thousands of proteins have been resolved on a single two-dimensional SDS͞PAGE slab gel (4, 5) . Subsequently, chemical degradation and͞or mass spectrometry can be used to identify the separated components. However, increased sensitivity and speed of detection would improve the ability to profile proteins on a routine basis significantly.
Improvements can be achieved by using capillary electrophoresis (CE), which offers many advantages for the separation of a wide variety of molecules. The method offers high efficiency, versatility, speed, and economy of analysis (i.e., very low consumption of reagents and analytes; ref. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . Considerable effort also has been directed toward miniaturization in the field of CE-primarily in the adaptation of CE from capillaries to a planar microchannel format (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) . Although chip-based CE allows better control of sample introduction and leads to better performance in terms of speed and efficiency, its greatest advantage lies in the opportunity to perform parallel-array (17) or multidimensional types of analyses. Conventional photolithography and microfabrication technology enable these approaches by providing a means of fabricating channel structures of many different sizes and integrated devices on chips made of silicon, glass, quartz, plastics, or elastomers (12) (13) (14) (15) (16) .
Among the known CE methods for protein analysis, capillary-zone electrophoresis has been performed in a microchannel-based format with some degree of success (18, 19) . More recently, capillary isoelectric focusing has also been adapted to the chip format (20) . SDS͞PAGE (23) was demonstrated in a capillary over a decade ago (21) . However, in spite of its importance as the most commonly used protein-separation method, it has not yet been adapted to the planar microchannel format. We demonstrate the on-chip application of a closely related size-dependent separation technique, SDS capillary gel electrophoresis (SDS͞CGE). By transferring this method to planar microchannels, protein separations are accelerated by a factor of 20, and separation efficiencies typical of conventional capillary-based SDS͞CGE experiments are retained.
EXPERIMENTAL PROCEDURES
Chemical Derivatization of Proteins. All protein molecular mass (MM) markers (ranging from 9 kDa to 116 kDa) were labeled with 5-and 6-carboxyfluorescein succinimidyl ester (fluorescein-NHS) or fluorescein-5-maleimide (fluorescein-MAL) (Molecular Probes) following the manufacturer's protocols. Calmodulin, ␣-lactalbumin, pepsinogen, egg albumin, BSA, ␤-galactosidase, and hen egg white lysozyme were purchased from Sigma. Calmodulin was obtained from Sigma with an uncharacterized MM. Its apparent MM (9 kDa) was determined experimentally by using an SDS͞PAGE mini-gel. Staphylococcal nuclease 16-cys mutant was prepared as described (24) . All other reagents were purchased from Aldrich, unless otherwise indicated.
For the fluorescein-NHS reactions, the protein was dissolved in a 0.2-M NaHCO 3 buffer (pH 8.3) to a final concentration of 1 mg͞ml. Freshly prepared fluorescein-NHS solution (100 l of 10 mg͞ml in DMSO) was slowly added to the protein solution, and the reaction was stirred in the dark for 1 h. The mixture (0.5 ml) was passed through a NAP-5 gel filtration column (Amersham Pharmacia) preequilibrated with H 2 O, and the fluorescein-labeled protein was eluted with 1 ml of H 2 O. Proteins were purified further by either (i) two more rounds of NAP-5 purification or (ii) overnight dialysis (MM cutoff ϭ 3 kDa) into H 2 O at 4°C, followed by separation on a FPLC Mono Q column (Amersham Pharmacia; eluent of 0.01 M NaH 2 PO 4 , pH 7.0, with a gradient of 0-1 M NaCl over 30
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For the fluorescein-MAL reactions, the protein was dissolved in 100 mM sodium phosphate buffer (pH 7.0) to a final concentration of 100 M and then degassed under vacuum for 10 min. A freshly prepared fluorescein-MAL solution (20 equiv of 10 mM dye in DMSO) was slowly added to the protein, the reaction was stirred in the dark under N 2 for 2 h, and then it was desalted with a NAP-5 column. The fluorescein-labeled product was purified further by using the Mono Q protocol described above. Identities of all fluorescein-labeled proteins were confirmed on the basis of their MM by using an SDS͞ PAGE mini-gel (Bio-Rad).
Calmodulin, hen egg white lysozyme, and the staphylococcal nuclease 16-cys mutant (100 M each) were treated with the two different dyes (fluorescein-NHS and fluorescein-MAL) as described above. Equimolar amounts of the three maleimidelabeled proteins were mixed to yield a sample of specifically labeled proteins. For comparison purposes, a similar sample of nonspecifically labeled proteins was prepared by mixing equimolar amounts of the three NHS-labeled proteins.
Capillary-Based SDS͞CGE. All capillary-based SDS͞CGE separations were performed by using a P͞ACE 5000 capillary electrophoresis system (Beckman Coulter) with absorbance detection (214 nm) or laser-induced fluorescence detection (excitation at 488 nm; emission at 520 nm). Separations were performed by using an eCAP SDS 14-200 kit from Beckman Coulter with either an eCAP neutral capillary (27 cm ϫ 100-m i.d.; Beckman Coulter) or an uncoated fused-silica capillary (27 cm ϫ 100-m i.d.; Polymicro Technologies, Phoenix). The distance from inlet to the detection window was 20 cm.
Before each analysis, the capillary was conditioned with a series of pressure washes (20 psi; 1 psi ϭ 6.89 kPa): (i) 1 M NaOH for 2.5 min; (ii) H 2 O for 1 min; (iii) 1 M HCl for 1 min; (iv) H 2 O for 1 min; and (v) SDS 14-200 gel buffer (Beckman Coulter) for 3 min. The performance of the instrument and the capillary was ensured by periodically testing with the Beckman Coulter protein test mix. The sample solution was prepared freshly by mixing 50 l of the protein mixture, 50 l of the SDS sample buffer (provided with the SDS 14-200 kit), and 3 l of ␤-mercaptoethanol and then by heating the mixture at 95°C for 3 min. The sample was injected into the capillary either electrokinetically (4 kV) or by pressure (20 psi). The separation voltage was 8.1 kV (300 V͞cm) as recommended by the manufacturer. All voltage operations were performed in a reverse polarity mode (inlet at negative potential with respect to outlet).
Chip Fabrication. Chips were fabricated from borofloat glass wafers (4-inch diameter; 1-mm thickness; Schott Laboratories, Yonkers, NY) by using standard methods (17) . The wafers were cleaned before the deposition of an amorphous silicon sacrificial layer (1,500 Å) in a plasma-enhanced chemical vapor deposition (PECVD) system (PEII-A, Technics West, San Jose, CA). After Piranha cleaning, the wafers were dried at 120°C for 5 min before being primed with hexamethyldisilazane, spin-coated with photoresist (Shipley 1818, Marlborough, MA) at 6,000 rpm for 30 s, and then soft baked at 90°C for 30 min. The mask pattern was transferred to the photoresist on the wafers by exposing the photoresist to UV radiation in a Quintel contact mask aligner. The photoresist was developed in a 1:1 mixture of Microposit developer concentrate (Shipley) and H 2 O, followed by hard baking at 120°C for 25 min. The mask pattern on the photoresist then was transferred to the amorphous silicon by a CF 4 plasma etch performed in the PECVD reactor. The wafers were etched in 49% (vol͞vol) HF for different lengths of time at a verticaletch rate of 7 m͞min. The photoresist was stripped in a spin dryer, and the remaining amorphous silicon was removed with a CF 4 plasma etch. Access holes (0.75 or 1.1 mm) were drilled through the etched wafers by using diamond-tipped drill bits (Olympic Mountain Gems, Port Orchard, WA). An unetched Borofloat wafer was then thermally bonded, as a cover, to the etched channel wafer in an N 2 -purged programmable furnace (Thermolyne, Dubuque, IA).
Microchannel Layout for Chip-Based SDS͞CGE. Because of the high viscosity of the SDS 14-200 gel used in the separation, it was anticipated that a microchannel size comparable to that of a 100-m i.d. capillary would be needed for easy handling. Channels etched to a depth of 20 m proved to be too shallow for gel to pass through without frequent clogging. A 40-m-deep channel was found to be better and was used for all subsequent chip-based separations. The microchannel layout for chip-based SDS͞CGE used in our experiments is shown in Fig. 1 . The channel is 40 m deep, with a 100-m width at the top and a 20-m width at the bottom. The distances between reservoirs 1 and 4 and reservoirs 2 and 3 are 5 cm and 0.5 cm, respectively. Laser-induced fluorescence detection was typically performed 0.25 cm from reservoir 4, affording a separation channel 4.5 cm in length. In addition, the distances from 1, 2, and 3 to the cross-channel intersection are 0.25 cm each.
Laser-Induced Fluorescence Detection for Chip-Based SDS͞CGE. The detection system for the chip-based SDS͞CGE is shown schematically in Fig. 1 . Similar epifluorescence͞ microscope-based detectors for microfabricated separation systems have been reported in the literature (25) . Light from an argon-ion laser (Model 532, Omnichrom, Chino, CA) operating at 488 nm is passed through a bandpass filter and directed by a dichroic mirror through an aspheric lens (Model 5722-H-A, New Focus, Santa Clara, CA). The aspheric lens serves as a microscope objective (40ϫ; 0.55 numerical aper- Chip-Based SDS͞CGE Separations. Pipette tips were inserted into the drilled holes in the chip to serve as fluid reservoirs. All fluids used in the chip-based separation were prefiltered with 0.22-m syringe filters. Before sample loading, the channels first were cleaned and rinsed as follows: (i) 1 M NaOH for 1 min; (ii) H 2 O for 1 min (iii) 1 M HCl for 1 min; and (iv) H 2 O for 1 min. The SDS 14-200 gel was loaded into the channels by first filling reservoirs 1-3 with the gel and then applying a vacuum at reservoir 4 to pull the gel into the channels. Care was taken to ensure no air bubbles were introduced in the channels during gel loading. After the channels were filled completely, vacuum at reservoir 4 was removed and replaced with a pipette tip prefilled with gel. The gel in reservoirs 2 and 3 was removed subsequently and replaced with a 1:1 mixture of fresh SDS sample buffer and H 2 O. The channels were equilibrated by applying 200 V between reservoirs 2 and 3 and then 2 kV between 1 and 4, each for more than 5 min. Immediately before injection, the content of reservoir 2 was replaced with the protein sample (prepared as described earlier for the capillary-based separation). A simple floating injection (26) was used; an injection voltage (200 V) was applied between reservoirs 2 and 3 for 5-30 s to draw the sample across the cross-channel region, and then a separation voltage (1-5 kV) was applied between reservoirs 1 and 4. Because a stable current is necessary for good separations, current in the separation channel was monitored closely during the entire separation process. Data collection was performed at 400 Hz, with intervals of 10 points averaged to yield a rate of 40 points per s.
RESULTS AND DISCUSSION
The main focus of this work is chip-based protein separations with SDS͞CGE. However, for performance comparisons, both capillary-based and chip-based SDS͞CGE separations were performed by using identical protein samples and separation media. Two types of labeled proteins were used in these experiments: proteins with multiple labels (nonspecifically labeled with amine-reactive fluorescein-NHS) and proteins with single labels (labeled specifically with the thiol-reactive dye fluorescein-MAL on a single cysteine in the protein sequence). We will refer to these proteins as ''nonspecifically'' and ''specifically'' labeled, respectively.
The first sample consisted of six fluorescently labeled proteins (ranging from 9 kDa to 116 kDa, see the legend in Fig.  2 for details) . Calmodulin, which contains only one cysteine in its protein sequence, was labeled specifically and purified to yield the singly fluorescein-modified product. The other five proteins were labeled nonspecifically.
All six proteins were well resolved within 15 min with capillary-based SDS͞CGE by using Beckman Coulter's eCAPcoated capillary as indicated in Fig. 2a . The peak corresponding to singly labeled calmodulin (peak 1 in Fig. 2a ) is symmetrical and sharp, indicating the high-resolving nature of capillary-based SDS͞CGE. The other protein peaks are separated but are much broader, indicating the presence of a heterogeneously labeled protein population caused by nonspecific labeling (see below), the effects of longer migration times for the larger proteins, or a combination of these.
For comparison with the chip-based separation conditions, where uncoated channels are used, the capillary SDS͞CGE was performed with an uncoated fused-silica capillary. The proteins were still separated on the uncoated capillary (Fig. 2b) but with reduced resolution. Peak broadening was likely caused by nonspecific interactions between proteins and the charged inner surface of the uncoated capillary. The same protein mixture was then used for chip-based separations. As shown in Fig. 3 , a separation voltage of 1 kV resolves all six proteins within 3.5 min. In fact, the pattern of the peaks is quite similar to the capillary separation (Fig. 2b) , but the time required for the on-chip separation is more than a factor of five shorter. Increasing the voltage from 1 kV to 5 kV increases the speed concomitantly, with the separation The increase in separation speed compromised the separation efficiencies, as evidenced by decreases in theoretical plate numbers and increases in plate heights at higher separation voltages (see Table 1 ). However, a maximum in time-based separation efficiencies (N͞s) occurs at intermediate operating voltages.
In the floating-injection approach used here, the sample is migrated across the intersection by applying a voltage between reservoirs 2 and 3 (see Fig. 1 ), while the other two reservoirs are allowed to float. The effect of migrating the sample across the intersection for different lengths time was investigated. Variations of the migration time from 5 s to 30 s while maintaining a constant injection voltage (200 V) did not appreciably alter either the quality of the separation or the peak intensity (data not shown). These results indicate minimal leakage of the sample into the separation channel during the injection (presumably because of the viscous nature of the gel used in the chip and the slow diffusion of the proteins) and that sufficient time was allowed for all components to migrate to the intersection.
For the coated and uncoated capillaries and the chip, the separation performance for the nonspecifically labeled proteins was quantified for several peaks (see Table 1 ). Strictly speaking, theoretical plate numbers should be calculated by using a peak from a single component. By their nature, protein samples are heterogeneous. In addition, the nonspecifically labeled proteins have heterogeneity because of variation in the number of attached dyes. As a result, the calculated theoretical plate numbers are a reflection of both the column efficiency and the heterogeneity of a particular sample component. The calculations are intended for comparison of performance between capillaries and for comparison of the column-based separations with the chip-based separations.
For the coated capillary, peak 2 yields a theoretical plate number of 6.6 ϫ 10 3 , which corresponds to a plate height of 30 m. The separation efficiency decreases in the uncoated capillary, where peak 2 has a theoretical plate number of 3. (27) . b For peaks 3 and 4, the resolution was calculated by using the expression R ϭ 2 ϫ (t3 Ϫ t4)͞(⌬t1͞2,3 ϩ ⌬t1͞2,4) , where t3 and t4 are the migration times of peaks 3 and 4 and ⌬t1͞2,3 and ⌬t1͞2,4 are the respective full widths at half maximum. c Theoretical plate numbers (N) were calculated for peaks 2 and 5. These calculations were based on the measured full width at half maximum (⌬t1͞2) of a peak by using the expression N ϭ 5.54 ϫ (t͞⌬t1͞2) 2 uncoated fused-silica capillary, however, a decrease in resolution to 1.3 was observed. For the chip-based separations, the number of theoretical plates was generally better than for the uncoated capillary ( Table 1 ). The efficiency, in terms of plate height, was roughly an order of magnitude better for the chip-based separation than for the capillary. For the time-based efficiency, the performance generally improved with increasing separation voltage. For example, peak 2 has 5.2 ϫ 10 2 theoretical plates per s at 3 kV, corresponding to an electric field of 600 V͞cm. For peaks 3 and 4, good resolution was achieved with separation voltages of 1 kV and 2 kV, exceeding the resolution of the coated capillary for these peaks. Even with higher separation voltages (3-5 kV), moderate resolution comparable to that of capillary-based SDS͞CGE with the uncoated fusedsilica capillary was still maintained.
As indicated in Figs. 2 and 3 , specifically labeled calmodulin eluted as a very sharp and symmetric peak in both the capillary-based and chip-based SDS͞CGE. In contrast, larger nonspecifically labeled proteins eluted as much broader peaks. Because the reaction conditions for fluorescein-NHS labeling lead to nonspecific labeling of all primary amines in a protein, each labeling reaction likely generates a mixture containing the same protein modified with a variable number of dyes. This likely is a major cause of peak broadening and loss of resolution in our SDS͞CGE analyses.
To test the separation performance of the chip-based system with minimized sample-dependant contributions to broadening, mixtures of three single-cysteine-containing proteins were analyzed. Calmodulin, lysozyme, and staphylococcal nuclease 16-cys mutant, labeled either nonspecifically or specifically, were first analyzed by SDS͞CGE by using an uncoated fusedsilica capillary (Fig. 4a) . These proteins, which differ by Ϸ20% in MM, were resolved completely in the specifically labeled mixture (Fig. 4a, Bottom) . In contrast, the nonspecifically labeled protein mixture produced an electropherogram in which the three protein peaks were resolved poorly and much more broadly (Fig. 4a, Bottom) , showing the effect of the presence of differently modified proteins on the separation efficiency. Finally, the specifically labeled protein mixture was analyzed with chip-based SDS͞CGE at a range of separation voltages (Fig. 4b) . All three proteins were well resolved under all separation voltages used, with separation being complete in less than 25 s at a separation voltage of 5 kV (Fig. 4b, Inset) .
The calculated separation performance parameters for the specifically labeled proteins are included in Table 2 . The capillary-based separation yield theoretical plate numbers ranging from 9.4 ϫ 10 3 to 1.8 ϫ 10 4 , which correspond to plate heights from 21 m to 11 m (Table 2 ). For the chip-based separations, the plate numbers are again generally higher than for the capillary, and the plate heights are about an order of magnitude smaller. As was true for the nonspecifically labeled proteins, the optimum voltage for the theoretical plate number is between 2 kV and 3 kV (electric field of 400-600 V͞cm). In this voltage range, the theoretical plate number varies from 3.2 ϫ 10 4 to 4.6 ϫ 10 4 (1.4-m to 0.98-m plate heights). The time-based efficiencies range from 1.9 ϫ 10 2 plates per s to 4.1 ϫ 10 2 plates per s at 1 kV. They increase with driving voltage, reaching a plateau near 1.2 ϫ 10 3 plates per s for peaks 1 and 2. For peak 3, the time-based efficiencies reach a maximum of 8.6 ϫ 10 2 plates per s at 3 kV and then fall to 4.2 ϫ 10 2 plates per s at 5 kV.
We have been able to transfer successfully the capillarybased SDS͞CGE for protein separation onto a microchannelbased format. Compared with capillary-based separations, the chip-based SDS͞CGE separation of proteins is clearly superior in terms of separation efficiency and speed. We demonstrate that six proteins, ranging from 9 kDa to 116 kDa in MM, can be separated in less than 35 s, while comparable separation efficiencies are maintained. Specifically labeled proteins differing in MM by Ϸ20% can be resolved easily with high resolution in less than 25 s. With chip-based separations, plate heights near 1 m can be obtained under optimized conditions, which is 10 times better than the capillary-based SDS͞CGE. As for time-based efficiency, more than 1,000 plates per s were obtained in chip-based separations, which is more than a 20-fold improvement from the capillary-based separation. Further improvements in chip-based separations can be expected through the use of more sophisticated electronic equipment for fluidic control, increasing the length of the separation (1999) channel, coating the separation channel, optimizing the channel depth, and improving the sample preparation. Extending the current work, chip-based SDS͞CGE could be incorporated into more complex separation schemes. The simplest incorporation would be chip-based SDS͞CGE with postcolumn fluorescent labeling. A second area could include chip-based SDS͞CGE in an array format where hundreds of channels containing the same or different separation media can be run in parallel on a single glass wafer. A third would be a chip-based two-dimensional SDS͞PAGE analog in which tandem separations (for example, isoelectric focusing followed by SDS͞CGE) can be integrated into one device. Such methods could potentially provide extremely fast and powerful tools for analyzing complex protein mixtures.
